We report herein the synthesis of a novel star-shaped copolymer containing nano-SiO 2 by single-electron transfer living radical polymerization (SET-LRP) in aqueous solution. The effects of polymerization conditions, such as the total amounts and molar ratios of the monomer, initiator, catalyst, ligand, and modified nano-SiO 2 , have been investigated through a series of experiments. The prepared acrylamide copolymers have been characterized by FTIR spectroscopy and ). The AM/DMAEMA/NSFM copolymer displayed a higher viscosity than AM/DMAEMA at the same concentration. It was found that AM/DMAEMA/NSFM exhibited better salt and temperature tolerances.
Introduction
Polymer flooding plays an important role in the field of enhanced oil recovery (EOR) [1, 2] . However, the polyacrylamide (PAM) used has poor temperature and salt tolerances with low shear resistances, making it difficult to adapt to increasingly harsh reservoir conditions. To address the above problems, researchers have recently sought a technique for modifying oil displacement using polyacrylamide, and to this end, two main strategies have been pursued. The first approach involves the preparation of copolymerizing monomers that can inhibit hydrolysis of the amide group or the introduction of a small amount of hydrophobic functional groups through monomers that can coordinate divalent metal ions, as in the copolymerization of acrylamide (AM) with compounds such as N,N-dimethylacrylamide, methyl acrylamide, N-vinylpyrrolidone (NVP), 2-acrylamido-2-methylpropane sulfonic acid (AMPS), allyl sulfonate, or vinyl sulfonate. The modified polyacrylamide should then display excellent temperature tolerance and salt resistance [3] [4] [5] [6] [7] [8] . However, the molecular weights of polymers prepared by various modifications are highly variable, and their performances are fundamentally restricted by their structures, such that it is difficult to obtain satisfactory results. The second approach is to modify the molecular structure through the preparation of dendritic, star-shaped, or hyperbranched polymers, which exhibit excellent shear resistances due to their special reticular structures [9] [10] [11] [12] [13] [14] [15] [16] . A special reticular structure can reduce the shear effect on the polymer molecular chain and impart a high-viscosity retention rate. However, the preparation of hyperbranched polymers is relatively complex and incurs high costs.
Cu(0)-mediated living radical polymerization or singleelectrontransfer living radical polymerization (Cu(0)-mediated LRP or SET-LRP) is a versatile approach that has long attracted considerable interest. It has been widely used for the synthesis of star-shaped, branched, and hyperbranched polymers in recent years [17] [18] [19] [20] . Importantly, it can be efficiently applied to a wide variety of activated monomers (e.g., acrylates, methacrylates, acrylamides, and methacrylamides), as well as nonactivated monomers, such as vinyl chloride, that are not polymerizable by atomtransfer radical polymerization (ATRP).
Recently, many studies have demonstrated that composite materials containing nano-SiO 2 may exhibit favorable properties, such as superior thermal stability, toughness, and strength, owing to the effects of physical adsorption, hydrogen bonding, Si-O bonds, and C-Si bonds [21] [22] [23] [24] [25] . In the literature, the synthesis of silica-polymer composites initiated by a SiO 2 -Br macroinitiator via SET-LRP has been reported [26] [27] [28] . However, to the best of our knowledge, there have been no papers concerning the application of nano-SiO 2 as a monomer in SET-LRP.
In this work, a nano-SiO 2 functional monomer (NSFM) has been introduced into an AM/DMAEMA copolymer by Cu(0)-mediated LRP at room temperature (25°C) with the aim of obtaining more favorable temperature tolerance, salt tolerance, and shear resistance.
Experimental
2.1. Chemicals and Reagents. Acrylamide (AM, >99.0% Sinopharm Chemical Reagent, China) was recrystallized twice from acetone prior to use; 2-(dimethylamino)ethyl methacrylate (DMAEMA, 99%) was purchased from Macklin (Shanghai, China) and distilled under reduced pressure before use. Glycerol ethoxylate (M n ≈ 1000 g/mol), α-Bromoisobutyryl bromide (BIBB, 98%), triethylamine (TEA, ≥99%), vinyltriethoxysilane (VTES, ≥98.0%), nanoSiO 2 (10-20 nm), and Tris-(2-dimethylaminoethyl) amine (Me 6 TERN) were purchased from Sigma-Aldrich and used as received. Water-soluble star initiator (Gly-Br 3 ) was synthesized as described in the literature [29] and stored at 4°C prior to use. Copper(I) bromide (CuBr, 98%, SigmaAldrich) was purified by stirring in acetic acid overnight and washing with copious amounts of ethanol before drying under vacuum to constant weight. All other chemicals and solvents were purchased from Sigma-Aldrich (China) at the highest purity available and used as received unless stated otherwise. Water was deionized by passing through an ion exchange column and doubly distilled.
2.2.
Preparation of the Nano-SiO 2 Functional Monomer (NSFM). The nano-SiO 2 functional monomer was synthesized as described in the literature [22] . Firstly, ethanol (83.6 mL), nano-SiO 2 (1.5 g), distilled water (13.6 mL), and aqueous ammonia (1.3 mL) were placed in a 250 mL round-bottomed flask, and the mixture was dispersed by ultrasonication for 30 min. VTES (2.0 mL) was then added to the stirred solution, and reaction was allowed to proceed for 18 h at 30°C. Thereafter, the produced NSFM was separated by centrifugation and washed with distilled water.
The substitution level (ω) of the silica was determined by sodium hydroxide titration. Ground VTS-SiO 2 powder was placed in a 200 mL beaker, and then absolute ethanol (25 mL) and 20 wt% aqueous NaCl solution (75 mL) were added. In order to disperse the VTS-SiO 2 , the beaker was ultrasonicated for 10 min. The dispersion system was then adjusted to pH 4 with 0.1 mol/L HCl. Then, 0.1 mol/L aqueous NaOH solution was used to adjust the dispersion system to pH 9. For comparison, dry SiO 2 (2 g) was subjected to the same treatment.
where L 1 is the volume of NaOH solution consumed by VTS-SiO 2 (mL) and L 2 the volume of NaOH solution consumed by SiO 2 (mL). 
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In this study, L 1 and L 2 were determined as 9.3 mL and 10.8 mL, respectively; ω = 13 9%.
SET-LRP Synthesis of AM/DMAEMA/NSFM.
The requisite amount of CuBr was placed in a Schlenk tube equipped with a magnetic stirrer bar and deoxygenated for 20 min. The requisite amount of Me 6 TREN was placed in a sealable vial with 1 mL of H 2 O and deoxygenated for 15 min (Vial 1). The contents of Vial 1 were then transferred into the Schlenk tube by means of a degassed syringe, and disproportionation was allowed to proceed for 30 min at room temperature (25°C). In another vial (Vial 2), Gly-Br 3 , AM, DMAEMA, 0.5 wt% NSFM, and a certain amount of distilled water (total volume 4 mL) were combined and deoxygenated with nitrogen for 15 min. The contents of Vial 2 were then transferred by means of a degassed syringe into the Schlenk tube to start the polymerization. Transfer of the contents of Vial 2 defined t 0 . After the desired polymerization time, the solution was immediately filtered to remove copper residues and insoluble impurities. The solution was extensively dialyzed (MWCO = 5000 g/mol) against water for 3 days to remove residual monomer and other small molecules, and then the product was recovered by freeze drying. AM/ DMAEMA copolymer was synthesized according to the same method. All copolymers were prepared in partially hydrolyzed form with the same hydrolysis level. The synthetic routes of NSFM and AM/DMAEMA/NSFM were described in Scheme 1. , and the temperature was 30°C, attained at a heating rate of 1.0°C/min. The test system was a binocular tube. A DG41Ti rotor was used for rheological measurements.
Results and Discussion
3.1. IR Spectral Analysis. The structures of AM/DMAEMA and AM/DMAEMA/NSFM were fully supported by their IR spectra, as illustrated in Figure 1 . The proposed structure of AM/DMAEMA/NSFM, prepared using an acrylamide, dimethylaminoethyl methacrylate, and nano-SiO 2 functional monomer by SET-LRP was confirmed by strong absorptions at ν = 3421 cm −1 (-NH stretching vibration), 2929 cm −1 (-CH 2 stretching vibration), 1664 cm −1 (-C=O stretching vibration), 1452 cm −1 (-CH 3 stretching vibration), 1216 cm −1 (C-O stretching vibration), 1100 cm −1 (Si-O-Si asymmetric stretching vibration) [30, 31] , and 640 cm −1 (C-Br stretching vibration).
The peak at ν = 3421 cm −1 in the IR spectrum of AM/ DMAEMA/NSFM was broad, partly due to hydroxyl groups on the nano-SiO 2 surface [31] . As expected, the IR spectrum confirmed the presence of all monomers in AM/DMAEMA/NSFM.
3.2.
1 H NMR Analysis. The 1 H NMR spectrum of AM/ DMAEMA/NSFM is shown in Figure 2 The spectrometric analysis confirmed that each of the monomers successfully participated in the SET-LRP. Table 1 ) of the total monomer concentration; the amounts of initiator, catalyst, and ligand; and the molar ratio of monomers, on the viscosity of the resulting copolymer. Polymer solutions at a concentration of 2 g/L were prepared in deionized water. The viscosities of these solutions were measured by means of a Brookfield DV-II viscometer (USA) at T = 30°C using a no. 63 rotor (rotation speed: 30 rpm). Higher viscosity indicated better performance. From the results of orthogonal experiments shown in Table 2 , the optimal polymerization conditions were obtained as follows: total monomer concentration 2. The optimally synthesized sample had a viscosity of 19.50 mPa·s under the same test conditions. Comparing the R values associated with five factors, it was found that their impacts increased in the following sequence: amount of initiator < amount of catalyst < molar ratio of monomers < amount of ligand < total monomer concentration. We also investigated the effect of the amount of NSFM on the viscosity of the copolymer. Figures 1 and 2 , it is clear that NSFM successfully participated in the SET-LRP. The effect of the dosage of NSFM on the viscosity of the product was investigated, and the results are presented in Figure 3 .
Effect of NSFM Dosage. Based on
It can be seen from Figure 3 that the viscosity of the copolymer first increased and then decreased with increasing NSFM content. The maximum viscosity of 19.5 mPa·s was seen with an NSFM loading of 0.5 wt%. This may have been due to the terpolymer having the maximum molecular weight at this point. Note: the addition of NSFM is 0.5% of the total mass of monomers; K1: average viscosity of level one; K2: average viscosity of level two; K3: average viscosity of level three; K4: average viscosity of level four; R: range. When the dosage of NSFM was less than 0.5 wt%, more monomers polymerized to form hyperbranched products. With the addition of NSFM, the hydrodynamic volume of the molecules increased, the molecules became interwoven to form more high-strength reticular structures, and as a result, the solution viscosity increased. With the addition of more than 0.5 wt% NSFM, more branched products and shorter molecular chains were formed. As a result, the molecular weight of the polymer decreased, the entanglement between molecules became weak, the hydrodynamic volumes of the molecules decreased, and the solution viscosity decreased.
3.4. Temperature Tolerance. For the samples used to assess temperature tolerance, salt resistance, and shear resistance, the composition of the reagents for producing the AM/ DMAEMA copolymer was 95 mol% AM and 5 mol% DMAEMA. The composition of the reagents for the preparation of the AM/DMAEMA/NSFM copolymer was 89 wt% AM, 10.5 wt% DMAEMA, and 0.5 wt% NSFM (the molar ratio of AM to DMAEMA was still 95 : 5).
AM/DMAEMA and AM/DMAEMA/NSFM solutions were prepared in distilled water. The viscosities of the copolymer solutions were measured by means of a Brookfield DV-II+ viscometer at different temperatures. The viscosity versus temperature curves of the AM/DMAEMA and AM/DMAEMA/NSFM solutions are shown in Figure 4 . The results show that the introduction of NSFM improved the thermostability of the copolymer. With increasing temperature, the viscosities of the two kinds of polymers gradually decreased to different levels. The AM/DMAEMA/NSFM solution consistently showed higher viscosity compared to that of the AM/DMAEMA solution. However, the viscosity of the AM/DMAEMA/NSFM solution decreased less than that of the AM/DMAEMA solution when the temperature exceeded 50°C. It was also found that AM/DMAEMA/ NSFM could achieve up to 47.1% viscosity retention at 90°C, whereas AM/DMAEMA showed just 14.2% viscosity retention at this temperature. This lends support to the view that stable Si-O and C-Si bonds improve the temperature tolerance of AM/DMAEMA/NSFM.
3.5. Salt Tolerance. The influences of electrolyte concentration on the viscosities of AM/DMAEMA and AM/ DMAEMA/NSFM solutions are shown in Figure 5 . With increasing NaCl concentration, the viscosities of the copolymer solutions gradually decreased. This could be attributed to compression of the diffuse electric double layer of the carboxylate ions by electrolyte ions, thereby decreasing the 5 International Journal of Polymer Science electrostatic repulsive force [17] . The polymer chains are in a coiled rather than extended conformation, which leads to a decrease in viscosity. Compared with AM/DMAEMA, AM/DMAEMA/NSFM exhibited better salt tolerance. This could be attributed to the hyperbranched structure of the modified nanostar polymer molecule. The reticular structure formed in the solution can weaken the shielding effect of the small-molecule electrolyte on the charge of the copolymer molecular chain to some extent, reducing the crimp degree of the molecular chains, thereby improving the saltresisting property of the copolymer.
3.6. Shear Resistance. Viscosity versus shear rate curves for AM/DMAEMA and AM/DMAEMA/NSFM are shown in Figure 6 . At lower shear rates, the viscosities of the copolymer solutions decreased slightly. On increasing the shear rate from 2 to 100 s −1 , the viscosities of the copolymer solutions remained essentially constant but then increased when the shear rate exceeded 100 s −1 . This may have been due to the hyperbranched structures of the copolymers. The results also indicated that AM/ DMAEMA/NSFM had better viscosifying property than AM/DMAEMA, and the viscosity of the former was higher than that of the latter at shear rates less than 100 s −1 . At a certain shear rate, shear stress destroys the intramolecular associative structure of polymer molecules, and the viscosity of a solution decreases. Conversely, due to expansion and extension of the polymer chains, intermolecular association increases the viscosity of the solution. As the net result of these two effects, the solutions showed either a slight decrease or no change in viscosity. At a high shear rate, however, the molecular chains of the polymers were highly stretched in a short time, resulting in intermolecular association. Hence, the viscosity of the polymer solution was increased, and shear thickening occurred.
Conclusions
A novel terpolymer containing nano-SiO 2 has been synthesized at ambient temperature by SET-LRP, employing a nano-SiO 2 functional monomer. The product has been characterized by FTIR spectroscopy and ). The AM/DMAEMA/NSFM copolymer showed a higher viscosity retention of 47.1% than AM/ DMAEMA (14.2%) at the same concentration. The copolymer containing nano-SiO 2 also exhibited better salt tolerance. AM/DMAEMA/NSFM would thus be expected to enhance oil recovery in high-temperature, high-salinity, and low-permeability reservoirs.
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